In this study, a thermoplastic polyurethane (TPU) tree-like nanofiber membrane was fabricated via one-step electrospinning by adding a small amount of tetrabutylammonium chloride (TBAC). On the basis of the "push and pull" effect, double-layer membranes composed of pure TPU nanofiber membranes (hydrophobic) and TPU/TBAC tree-like nanofiber membranes (hydrophilic) were prepared by the direct electrospinning compounding method. The double-layer membranes were used as waterproof breathable materials with moisture unidirectional transport properties and good shielding properties. The water resistance, mechanical, waterproof, moisture permeability, air permeability, air filtration and moisture unidirectional transport performances of the double-layer membranes were tested. The results showed that the double-layer TPU membranes displayed good performances compared with the existing products on the market; they provide a new approach for the development of waterproof breathable materials.
Introduction
At present, people's requirements for clothing are not simply aesthetic; the function and comfort of clothing are equally important. Waterproof breathable clothing is a representative of this kind of clothing; it is known as the second skin of human beings, and breathable fabric. A waterproof breathable material combines waterproof properties and moisture permeability in a functional fabric, 1 and it plays an important role in special protective clothing, outdoor recreational clothing and other materials.
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Traditional waterproof breathable materials include high-density fabric, coated fabric and laminated fabric. However, their methods of preparation need to be improved in many respects, and it is difficult for them to meet the higher level requirements of the new types of waterproof breathable materials.
Compared with traditional waterproof breathable materials, electrospinning nanober membranes have small apertures, high specic surface areas and abundant internal porous channels, which can isolate any damage effectively and offer good air and moisture permeability at the same time. The electrospinning nanober membranes also offer good wearability due to their resilience and low coefficients of friction. 7 Moreover, the electrospinning technology is a simple, low-cost and high-tech method which can prepare nanobers directly and continuously and so it has drawn attention from many researchers. [8] [9] [10] [11] [12] Some high-performance multi-level structured nanobers with high specic surface areas and high porosities have been prepared by one-step electrospinning [13] [14] [15] [16] [17] [18] and have been widely used in the information, energy 19, 20 and environmental 21, 22 industries as well as in other elds. 23 Kang et al. 24 examined the feasibility of electrospinning polyurethane onto substrate fabrics to prepare waterproof breathable fabrics. Lee et al. 25, 26 investigated the changes in the mechanical properties and thermal and water transfer properties of a mass-produced nanober web aer laundering, to evaluate the possibility of using nanobers for outdoor wear. Yoon and Lee 27 developed waterproof breathable materials for diverse consumer applications, and they used electrospinning to fabricate layered fabric systems with varying composite structures. From the functional perspective, waterproof breathable fabric can block external water and harmful particles. From the comfort perspective, people need to transmit water vapour out and maintain a comfortable small climate zone when exercising or working under special circumstances. Research into waterproof and permeability properties has been increasingly developed, but there have been few studies on the moisture unidirectional transport of functional materials based on these two fundamental properties. The goal is a kind of functional material which can discharge sweat and water vapour generated by the human body to the outside while preventing external water and harmful particles entering into the clothing and contacting the human body. 28 
Dong et al.
29 prepared a composite double-layer ber membrane composed of thick hydrophilic polyacrylonitrile (PAN) and thin hydrophobic polystyrene (PS) through electrospinning. Then the double-layer membrane was coated with polydopamine (PDA), and a porous structure was obtained for the PS ber membrane. This could enhance the hydrophobicity difference for moisture transport. The unidirectional transport of moisture from the PS layer to the PAN layer was achieved, but there was no evaluation of moisture permeability or waterproong properties. Therefore, it would be of profound significance to prepare a kind of high-performance waterproof breathable material with functions of both protection and moisture unidirectional transport.
In order to achieve waterproof, moisture permeable and moisture unidirectional transport functions, a composite material composed of at least two heterogeneous layers with different performances is needed. In this work, a double-layer membrane composed of a hydrophilic TPU/TBAC tree-like nanober membrane and a hydrophobic pure TPU nanober membrane was designed by direct combination using electrospinning. The water resistance, mechanical, waterproof, moisture permeability, air permeability, air ltration and moisture unidirectional transport performances of the double-layer membranes were characterized to obtain the optimal membrane thickness. Moreover, the properties were compared with those of a commercial PU waterproof breathable membrane.
Experimental

Materials
Thermoplastic polyurethane (TPU) was purchased from the Lubrizol Corporation (Wickliffe, Ohio, USA). N,N-dimethylformamide (DMF) and tetrabutylammonium chloride (TBAC) were purchased from Tianjin Kermel Chemical Reagent Co., Ltd. (China). All materials were purchased commercially and were used without further purication. Distilled water was used in this work.
Method
Preparation of TPU/TBAC tree-like nanober membrane. The spinning solutions were prepared by dissolving TPU (7 wt%) and TBAC (1 wt%) in DMF with vigorous stirring over 10 h. TBAC was added in order to obtain nanobers with tree-like structures. 30 In order to reduce the solution viscosity and increase the solubility of TPU, a small amount of LiCl was introduced into the solution, 31, 32 and then the mixed spinning solution was transferred into a syringe (10 mL). A voltage of 45 kV was applied in the experiment using a high voltage power supply (DW-P503-4ACF1, Tianjin, China). The outer diameter of the needle was 0.8 mm, and a syringe pump (WZ-50C2) was used to control the feed rate of the solutions at 0.5 mL h À1 . The TPU/TBAC tree-like nanober membranes (denoted TPU/TBACTLNMs) were received on the aluminium foil-covered rotating receptor at the selected distance of 10 cm between the tip of the syringe and the collector (Fig. 1) . The formation mechanism of the tree-like nanobers was attributed to the introduction of TBAC. TBAC, as a kind of organic branched salt, easily dissolved in the spinning solution and signicantly increased its electrical conductivity and decreased its viscosity. 33 When the excess charge density at the bending segments was above a certain threshold value, the electric forces overcame the surface tension, leading to the splitting of the jet and causing the formation of tree-like structures. In addition, the TBAC reduced the forces between the PU molecules because of its space steric structure which was benecial for the slipping of the jets.
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Preparation of pure TPU nanober membrane. The spinning solution was prepared by dissolving TPU (7 wt%) in DMF with vigorous stirring over 10 h. Then, the spinning solution was transferred into the syringe and the electrospinning process was carried out with appropriate parameters (voltage of 35 kV, feed rate of 1.0 mL h À1 and collected distance of 10 cm). Finally, the TPU nanober membranes (denoted TPU-NMs) were obtained. Preparation of double-layer membrane. The double-layer membrane was prepared by rstly electrospinning TPU-NMs on aluminium foil and then by directly electrospinning TPU/TBACTLNMs. The TPU/TBAC-TLNMs formed the outer membrane close to the environment and the TPU-NMs formed the inner membrane close to the skin, and these membranes were bonded together tightly. The TPU/TBAC-TLNMs with their special treelike morphology should bring good moisture conductivity to the double-layer membrane. Combined with the good hydrophobicity of TPU, the "push-pull effect" should be produced such that the moisture is conducted more effectively from the inner layer to the outer layer (unidirectional moisture transport).
35 A schematic diagram of this process is shown in Fig. 2 .
Characterization. The surface morphologies of the nanober membranes were characterized by eld-emission scanning electron microscopy (FE-SEM, Hitachi S-7400, Hitachi, Japan). The diameters of the bers and pore sizes of the membranes were measured by an image analyzer (IPPwin32, So Imaging System) on a sample of 100 bers. The pore size and distribution of the double-layer membrane was analyzed by a pore size meter (PSM-165, Topas, GmbH, Germany). The water contact angles (WCA) of each sample were analyzed by a JYSP-180 contact angle tester (Jinshengxin Detection Instrument Co., Ltd., Beijing, China) equipped with a high-resolution TV camera. The mechanical properties of the membranes were measured with a monolament tensile testing machine (YG 005E, Wenzhou Fangyuan Instrument Co., Ltd., China), at a speed of 10 mm min À1 at room temperature. The moisture transport behavior of the membranes was tested using a moisture management tester (MMT, SDL ATLAS). The friction coefcient of the nanobrous membranes was tested using a Tribometer (CSM Instruments). The washing resistance performance of the double-layer membrane was measured with the following conditions: water temperature of 40 C, phosphorus-free ECE standard detergent, drying at room temperature, at state. The water vapour transmission of the membranes was investigated by using a YG501D testing chamber. The hydrostatic pressure of the membranes was measured using a M232 spray rating tester (SDL ATLAS). The breathability of the membranes was measured using an automatic air permeability instrument (YG461H). The ltering quality was tested using an automatic ltering tester (8130, TSI Corp., America).
Results and discussion
The surface morphology and pore size investigations
As shown in Fig. 3a , the different sides of the double-layer membrane presented varying morphologies. The TPU/TBACTLNMs side displayed tree-like bers (Fig. 3a1) , while the bers in the TPU-NMs were at without branches (Fig. 3a2) . The pore sizes of TPU/TBAC-TLNMs ranged from 0.2 mm to 2.5 mm (mainly focused at around 0.3 mm), and the pore sizes of TPUNMs ranged from 0.4 to 4.5 mm (mainly focused at around 0.5 mm) as shown in Fig. 3b . To verify the reliability of the data, the pore size distribution of the double-layer membrane was measured using the Topas aperture instrument which revealed a range from 0.4-1.8 mm (mainly focused at 0.4-0.6 mm), as shown in Fig. 3c . This result was consistent with the previous data. In theory, the double-layer membrane could prevent the penetration of water droplets (100-3000 mm) and allow the penetration of water vapour (0.0004 mm) according to the pore permeability mechanism.
The contact angles analysis
To verify the hydrophobicity on each side of the membrane, the contact angles were tested. According to Fig. 4a and b, the single TPU-NMs layer (the inner layer which contacted the skin) was hydrophobic, and the single TPU/TBAC-TLNMs layer (the outer layer which was exposed to the atmosphere) was hydrophilic. The TPU-NMs layer was hydrophobic because of the properties of TPU. The introduction of TBAC brought with it a strong hydroxyl group which could effectively improve hydrophilicity.
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Moreover, the formation of the tree-like structure had a capillary effect, and the presence of the tree-like structure with its greater surface area increased the surface energy to make it more hydrophilic. As shown in Fig. 4c 
The mechanical properties test
The stress-strain curves of TPU-NMs, TPU/TBAC-TLNMs and the double-layer membrane are shown in Fig. 5 . It is clear that the TPU-NMs had the highest tensile strength (4.46 MPa) compared with the other membranes; the ne branches in the other membranes would not offer so much mechanical strength because of their higher elongation. The TBAC/TPU had decreased tensile strength (1.44 MPa) because the addition of TBAC increased the solution conductivity and led to the accumulation of uffy bers. Meanwhile, the double-layer membrane was prepared by combining TPU-NMs and TPU/ TBAC-TLNMs, and it had medial tensile strength (2.9 MPa) which effectively solved the problem of the insufficient strength of TPU/TBAC-TLNMs.
The studies of unidirectional moisture transporting properties
The Moisture Management Tester (MMT) images of different TPU-NMs thicknesses (0.08 mm, 0.04 mm and 0.02 mm) are shown in Fig. 6a-c , and the MMT image of TPU/TBAC-TLNMs is shown in Fig. 6d . The MMT images reect the membrane moisture transport capacity; they include curves of water absorption against time and the intuitive pictures of effective wetting. The black sections are the regions in which there was no wetting, and the blue regions show the water absorbing capacity of the membranes. When the membrane thickness was 0.04 mm, water could not be transported from the top surface to the bottom surface which demonstrated that the membrane had a good waterproong function and moisture transport capacity. However, when the membrane thickness was 0.08 mm, the membrane could not be made wet on either side because of over thickness, and the 0.02 mm membrane was so thin that it was difficult to achieve a waterproof effect. The experimental results conrmed that the moisture transmission ability was weakened with the increase of membrane thickness, and that the 0.04 mm thickness was the best choice. The water transporting data from the different TPU-NMs and TPU/TBAC-TLNMs are listed in Table 1 . The wettability and moisture transport performance of both sides of each membrane were evaluated by six parameters: wetting time (WT), maximum absorption rate (MAR), maximum wetting radius (MWR), water spread speed (SS), overall wet transport capacity (OWTC) and overall moisture management capacity (OMMC). The OWTC and OMMC evaluate the overall moisture unidirectional transport ability of the membrane, and larger numerical values mean stronger moisture unidirectional transport ability. It can be seen that the TPU-NMs and TPU/TBAC-TLNMs had no moisture unidirectional transport ability.
In order to verify the unidirectional moisture transport property of the double-layer membrane, the MMT experiment was performed on the outer and the inner sides of the membrane, respectively. To achieve the best moisture transport capability of the double-layer membrane, the average membrane thickness used in the experiment was 0.12 mm (the TPU-NMs layer was 0.04 mm, and the TPU/TBAC-TLNMs layer was 0.08 mm), and the results are shown in Fig. 7 and Table 2 . As shown in Fig. 7a , the water was dripped to the TPU/TBACTLNMs side. It was found that the TPU/TBAC-TLNMs side could be made wet but that the water could not penetrate into the TPU-NMs side. Although the TPU/TBAC-TLNMs layer was hydrophilic, it had a microcellular structure which could prevent the water from getting through. Moreover, the water was obstructed by the TPU-NMs side which was hydrophobic, and the waterproof function was achieved. As shown in Fig. 7b , water could be transported to the outside and evaporate in the atmosphere when it was dripped to the TPU-NMs side. Water could not wet the double-layer membrane and was pulled by the hydrophilic TPU/TBAC-TLNMs, which proved the "push-pull effect" principle. Therefore, the double-layer membrane realized the function of unidirectional moisture transportation. The total unidirectional overall wet transport capacity of the doublelayer membrane was 34.9324%.
The friction coefficient survey
The friction coefficient is one of the important indexes used to measure the comfort of clothing. The friction resistance produced by the clothing can cause mild damage to the skin and hinder wearability, so the frictional resistance needs to be controlled within an appropriate range. The friction coefficient is about 0.4 in common clothing made from cotton. The comparison of friction coefficients among the prepared membranes and cotton is shown in Fig. 8 . It can be seen that the prepared double-layer membranes have a similar friction coefficient to that of cotton, while the friction coefficient of TPU/TBAC-TLNMs is 0.74 which is larger than those of the other membranes. This may be because the TPU/TBAC-TLNMs have ne ber diameters and rough membrane surfaces. Moreover, the friction coefficient of the TPU-NMs side in the double-layer membrane (0.49) is a little lower than that of the TPU-NMs single layer (0.51), because the TPU-NMs side in the double-layer membrane was directly taken from aluminium foil on a rotating receptor and has a smooth membrane surface.
The washable performance analysis
The washing resistance experiment was used to test the modeholding nature of the membranes aer washing. The length and width of the membranes before and aer washing is shown in Table 3 . The difference in the width measurements for the TPU-NMs was less than 2% before and aer washing, so they had good shape maintenance. This was because the water could not pass into the hydrophobic polyurethane TPU-NMs and cause breakage and deformation of the nanobers. The hydrophilic TPU/TBAC-TLNMs absorbed some of the water because of the capillary effect, and the contained salt was dissolved which made the size decrease. However, the double-layer membrane had good shape maintenance because of the support of the TPU-NMs layer, and the difference was also less than 2% before and aer washing. The thickness of a membrane before and aer washing was tested by taking an average over 20 points as shown in Fig. 9 . The results follow the same principle as observed for the length and width measurements, which veried that the double-layer membrane could reduce the loss in thickness caused by washing. The water vapour transmission (WVT) rate, moisture permeability, hydrostatic pressure, air permeability and ltra-tion efficiency of the double-layer membrane before and aer washing are presented in À1 . According to these standards, all the indexes of the double-layer membrane before and aer washing could meet the needs of comfort and protection.
The comparison with the commercial membrane
The moisture permeability, hydrostatic pressure and air permeability of both the double-layer membrane and a commercial PU waterproof breathable membrane are shown in Fig. 10 ). The advantages could be explained by the fact that the double-layer membrane prepared by electrospinning has a porous structure, which brings better performance than the commercial lm in terms of moisture and air permeability. Moreover, the hydrophilic surface (TPU/TBAC-TLNMs) of the double-layer membrane has good water-retaining properties, which prevents the hydrophobic surface (TPU-NMs) from coming into direct contact with water, and thus the hydrostatic pressure of the double-layer membrane is high. Therefore, the double-layer membrane offers commercial value due to its performance. Fig. 8 The friction coefficients of cotton cloth, TPU-NMs, TPU/TBACTLNMs and the double-layer membranes. 
